Background and Aims Sub-arctic mountain birch Betula pubescens var. pumila communities in the North Atlantic region are of variable stature, ranging from prostrate scrubs to forests with trees up to 12 m high. Four hypotheses were tested, relating growth and population characteristics of sub-arctic birch woodland and scrub to tree stature; i.e. the variable stature of birch woods is due to differences in (1) the mean growth rate; (2) the age-related patterns of growth rate; (3) the life expectancy of stems; or (4) the tree form.
I N T R O D U C T I O N
The mountain birch Betula pubescens var. pumila (Govaerts and Frodin, 1998 ) forms a gradient from prostrate shrubs to trees of up to 12 m high, 30 cm in diameter and more than 100 years of age, at the boundary between the boreal and arctic zones in the North Atlantic region.
Tree-size birch is reported from sheltered, edaphically favourable sites in South Greenland (Böcher, 1979; Kuivinen and Larson, 1982; Feilberg and Folving, 1990) , Iceland (Bjarnason et al., 1977; Kristinsson 1995) , Scandinavia and the Kola Peninsula of north Russia (Hämet-Ahti, 1963; Sjörs, 1963) . Wide-ranging scrubwoods, with trees 3-5 m tall, cover dry and infertile sites in northern Scandinavia (Hämet-Ahti, 1963 ) and the Kola Peninsula of north-west Russia (Tseplyaev, 1965) . There are considerable areas of birch scrub in Iceland (Kristinsson, 1995) and at exposed coastal sites in north Norway (Holmgren, 1912; Hämet-Ahti, 1963) .
In Iceland, about 28 000 km 2 (28 % of the land area) is within the climatic species limit of mountain birch, and at the time of human settlement in the 9th Century AD birch woods and scrub may have covered about 20 000 km 2 (Jónsson, 1999) . Most of this woodland cover has been lost due to clearing of the woods for pasture and hay fields, overgrazing and over-exploitation for firewood and charcoal (H Bjarnason, 1971 (H Bjarnason, , 1974 Thorarinsson, 1974; Guðbergsson 1975 Guðbergsson , 1996 Á Bjarnason, 1980) . At present the natural birch woods and scrub cover approximately 1250 km 2 , and 80Á8, 15Á1, 2Á4 and 1Á7 % of that area is with dominant trees 0-2, 2-4, 4-8 and 8-12 m, respectively (Bjarnason et al., 1977) . Hustich (1979) defined the tree line (i.e. the demarcation line between forests and tundra) as the upper-or outermost woody stem 2 m high or more. Hence, most of the birch in Iceland is beyond the tree line by this definition.
Mountain birch tree lines in Scandinavia receded in response to cooler summers and increasing oceanity during the latter part of the Holocene period (Kullman, 1995) . However, this trend was reversed in the 20th Century (e.g. Aas, 1969; Kullman, 1979 Kullman, , 2000 Kullman, , 2001 Sonesson and Hoogesteger, 1983) . The degree and rate at which the stature of mountain birch responds to changes in growing conditions will depend on the growth characteristics and the population dynamics of birch woods and patterns of recruitment.
Near the climatic tree limit, regeneration from seed is frequently found to be sporadic and the population structure of natural timberline forests may reflect the periodicity of regeneration and succession during climatically favourable hjalti@ni.is periods (Payette and Gagnon, 1979; Packham et al., 1992) . A number of studies have reported a period of increased growth and regeneration in both conifers and mountain birch close to the tree-line during the 1920s-1940s, followed by several decades of almost no regeneration and growth decline (Hytteborn et al., 1987; Kullman, 1996; Kullman and Engelmark, 1997) .
A peak in the age distribution of tree-limit birches in Scandinavia coincided with the warm phase of the 1920s-1940s (Kullman, 1979) , and an altitudinal age structure gradient, with a lower maximum age at the tree line and beyond than in favourable locations at lower levels (Sonesson and Hoogesteger, 1983 ) is persuasive evidence for the episodic regeneration of birch. However, an implied assumption in that interpretation of the age structure is that the age-related pattern of growth rate, the life expectancy of birch stems, and tree shape and posture are independent of tree vigour.
Tree size is the result of cumulative net increment; hence the size distribution in a tree population, and thus the general stature of the woodland, must be related to both growth rate and age structure of the tree population. However, conspecific trees at different sites may differ in the pattern of growth rate with age (Spurr and Barnes, 1980) . Other things being equal, a difference in the age-related pattern of growth rate would result in a dissimilar general stature of the tree populations.
A negative correlation between growth rate and life span is well documented in the literature and may enable trees with different growth strategies to coexist and attain similar size at the same site (Enquist et al., 1999) . Conversely, differences in life expectancy of tree populations would lead to divergence in the general tree size if growth rates are similar.
The objective of this study was to evaluate the degree to which the stature of sub-arctic mountain birch woods responds to changes in growth rate. In order to do so, four hypotheses were tested relating the stature of natural mountain birch populations to growth characteristics and population dynamics, i.e. that the variable stature of birch woods is due to a difference in (1) the mean extension growth rate, (2) the age-related pattern of extension growth rate, (3) the life expectancy of stems, or (4) the stem form (Fig. 1) .
The present study was a part of the Icelandic birch project, which started in 1987 (Jónsson, 2000) . The project is in two parts: (1) an inventory and description of the native birch woodland resource, and (2) a study of the production and population ecology of the native birch woods. This paper presents results from the latter part of this project.
M A T E R I A L S A N D M E T H O DS
A stratified random sample (Husch, 1971; Philip, 1983) of 300 trees of Betula pubescens Ehrh. var. pumila (L.) Govaerts was drawn from the total population of indigenous birch woodlands and scrub in Iceland, excluding all anthropogenic birch woods both seeded and planted (Fig. 2) . One of three canopy height classes, 0-2, 2-4 or 4-12 m, was assigned to each natural birch woodland block in the country based on visually assessed general elevation of the birch canopy above ground level. The resultant grouping of the birch populations by these three canopy height classes are referred to (in ascending order of size) as scrub, scrubwoodland and forest sub-populations (Fig. 3) . The demarcation of the population and canopy height classification was based on an inventory from 1972-1975 and subsequent amendments to woodland maps (Bjarnason et al., 1977; Aradóttir et al., 1995; Jónsson, 2000; Aradóttir et al., 2001) .
A total of 60, 90 and 150 sampling units were selected from the birch scrub, scrub-woodland and forest subpopulations respectively, with equal probabilities within sub-populations.
Sampling units were randomly assigned to woodland blocks with probabilities in proportion to the contribution of the woodland block to the total sub-population area (Philip, 1983) , and were located within a woodland block by randomly chosen co-ordinates on woodland maps. At the predetermined co-ordinates, a randomly chosen bearing and distance, in the range 0-30 m, defined the sampling point. The sampling tree was the closest tree to this point, defined as all stems in a cluster apparently originating from a single root system, irrespective of stem sizes. Hence, the sampling unit was the apparent genet.
Trees were sampled in the dormant season from September 1987 to April 1988. The number of stems per genet was recorded and their diameter measured at ground level and 50 cm from the ground. The thickest stem, at 50 cm above the ground, was defined as the dominant stem. The dominant stem was felled with a cut flush to the ground and its stem length, to the tip of the tree, was measured in two ways: (1) the straight line distance from ground level, and (2) the stem surface, from the root collar. The ratio of the straight-line length of ascending stem to total length of the dominant stem is a measure of tree shape used in this study. The occurrence of trees with decumbent stem form was also noted and leaning of the stem from a vertical posture was visually assessed. Branches less than 5 cm in diameter were cut off the main stem. One of these branches was selected for sampling and all twigs were cut off that branch at the point where twig diameter = 1 cm. A sub-sample of three twigs was taken to the laboratory where the length of all long shoots was measured: the longest shoot per twig sample provides the estimate of current rate of extension growth used in this study.
Stem discs, approximately 2 cm thick, were cut at ground level and 50 cm above ground in all trees, and at 50 cm intervals up the bole to the point of 5 cm diameter in trees of sufficient stem thickness.
In the laboratory, annual rings were carefully counted on all discs with the aid of a binocular stereoscope. On each disc, two perpendicular straight lines were drawn through the pith, such that one traversed the greatest diameter. The distance along these lines was measured from the pith to (a) the fifth annual ring from the cambium, (b) the cambium, and (c) the bark surface. The age of the tree was estimated as the number of annual rings at ground level. The average rate of radial growth, in this study, was taken as the mean width of annual rings, derived by dividing the lengths of the four radii to the cambium by the corresponding number of annual rings in the discs at ground level and 50 cm from ground. The current rate of radial growth was similarly estimated by the average width of the five most recent annual rings.
The initial growth rate of basal sprouts destined to become dominant stems was measured as the difference between the age of the tree at ground level and 50 cm from the root collar, and average extension growth rate is presented as stem length divided by stem age.
Life tables (e.g. Southwood, 1978) with median life expectancies for birch trees by ten-year age classes were constructed for each birch sub-population using the survival analysis package of Statistica TM software, based on the assumption that the cumulative age distribution curves of dominant stems per genet may be interpreted as static survivorship curves, i.e. that there is continuous regeneration in the population and that mortality in each age class may be assumed to be constant (cf. Packham et al., 1992) .
RE SUL TS
A total of 286 valid samples of birch genets were obtained from 109 birch woodland blocks throughout the country, with 55, 81 and 149 sampling units from the birch scrub, scrub-woodland and forest sub-populations respectively (Table 1) . Hence, there was a total of 14 missing sampling units.
A valid model explaining tree stature in birch woods must predict significantly different growth and population characteristics between the birch sub-populations of unlike stature, and the characteristics should change directionally with sub-populations of increasing stature.
Analysis of variance and the Kruskal-Wallis ANOVA, median test, were used to evaluate differences in tree size, growth form, growth rate and age among the three birch sub-populations. Linear contrast was used to test linear trends along the gradient of sub-populations of increasing stature.
The data were analysed using the Statistica TM software (Kernel release 5.5A, StatSoft, Inc.).
Tree size
The classification of the native birch population in Iceland into shrubs (0-2 m), scrub-woodland (2-4 m) and forest (4-12 m) sub-populations, based on the subjectively assessed general elevation of the canopy, not surprisingly closely reflects tree size. Average tree size, measured as length of ascending stem section, total stem length and diameter at ground level were highly significantly different between sub-populations (Table 1 ) and increased in the order scrub < scrub woodland < birch forest (linear trends: length of ascending stem section F 1,191 = 23Á35, P < 0Á0001; total stem length F 1,245 = 64Á77, P < 0Á0001; diameter at ground level F 1,279 = 48Á42, P < 0Á0001).
Growth rate
Growth rate increased with birch sub-population of higher tree stature. A significant difference between subpopulations (Table 1 ) and linear trend with increasing tree stature was observed for average width of annual rings (linear trend F 1,279 = 17Á77, P < 0Á0001), average width of five most recent annual rings (linear trend F 1,282 = 23Á28, P < 0Á0001), number of years to reach 50 cm length from root collar (linear trend F 1,273 = 12Á93, P < 0Á0004), and average extension growth rate (linear trend F 1,238 = 23Á26, P < 0Á0001). The results are consistent with hypothesis (1), that stature of birch populations is affected by mean extension growth rate (Table 1) .
To compare the populations for age-related differences in growth rate, tree size (stem length and diameter) and current growth rate (shoot length and 5-year mean radial growth rate) data were compared for three age classes: 1-30, 31-60 T A B L E 1. Maximum, minimum and mean values with 95 % CL and number of observations (within brackets) of tree size and growth rate characteristics of birch scrub (0-2 m), scrub-woodlands (2-4 m) and forest (4-12 m) populations in Iceland, with and 61-90 years. Very few trees were older than 90 years in the birch scrub and scrub-woodland populations; hence the analysis was limited to age classes up to 90 years. A statistically significant interaction between birch sub-population and age class in tree size, and main effect differences in current growth rate by age classes, were the tests of difference in age-related growth rate between birch populations. The average width of the five most recent annual rings was not statistically different between 30-year age classes up to the age of 90 years (F 2,257 = 0Á372, P = 0Á689) and no significant interaction was observed between age class and birch sub-population for average 5-year radial increment prior to sampling (F 4,257 = 0Á170, P = 0Á954).
The population means of shoot lengths for the summer of 1987, measured as the longest shoot in a sample of three twigs, were 9Á5, 9Á7 and 11Á5 for the scrub, scrub-woodland and forest sub-populations, respectively (Table 1) . The shoot lengths were highly variable within birch sub-populations and only a marginally significant difference was observed between sub-populations (Table 1) . Maximum shoot lengths were not significantly different between age classes (F 2,200 = 0Á70, P = 0Á4955).
All measures of tree size (length of ascending stem section, total stem length and diameter at ground level) increase with 30-year age classes up to the age of 90 years (Fig. 4) , with no indication of interaction between birch sub-population and age class in any measures of size (length of ascending stem section, F 4,191 = 1Á576, P = 0Á1823; total stem length, F 4,221 = 1Á062, P = 0Á3763; diameter at ground level, F 4,257 = 0Á944, P = 0Á4392). Hence there is no evidence, in the present study, for a difference in age-related pattern of growth between the three birch sub-populations. Based on these results hypothesis (2) is rejected.
Age
The oldest tree in the present study had 135 annual rings at the stem base. Only six trees in the birch forest sub-population were more than 100 years of age and the oldest trees in the sample from the birch scrub and birch scrubwoodland populations were 100 and 99 years, respectively.
The mean age was 36Á1 6 5Á7, 47Á3 6 5Á0 and 58Á9 6 3Á9 years (695 % confidence limits, CL) in birch scrub, birch scrub-woodland and birch forest populations, respectively. Age differences between birch sub-populations are highly significant (F 2,279 = 21Á32, P < 0Á0001, Kruskal-Wallis H = 38Á16, d.f. = 2, N = 282, P < 0Á0001; median test c 2 = 27Á22, d.f. = 2, P < 0Á0001). Furthermore, a positive linear trend of mean age with populations of increasing stature was highly significant (linear trend, F 1,279 = 39Á38, P < 0Á0001). It may be concluded that birch trees in populations of high stature attain a greater mean age than birch in populations of low stature.
The age distribution of mountain birch is frequently presented by decade of stem initiation (e.g. Kullman, 1979 Kullman, , 1991a Kullman, , b, 1993 Hofgaard, 1993) , based on the assumption that the age distribution may reflect periodicity of regeneration. In the present study, the age distributions of dominant stems per genet by decade of origin from all three sub-populations are of similar shape, but are apparently not in phase, and with no stems in the most recent time period (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (Fig. 5) .
The age distribution of the scrub sub-population has a distinct peak during the relatively cold 1960s. However, stems of 2 m in length or more were predominantly initiated during the 1920s-1940s (Fig. 6 ).
Longevity
The median life expectancies of dominant birch stems per genet in scrub, scrub-woodland and forest sub-populations, respectively, are 32Á0 6 3Á7, 44Á2 6 5Á0 and 56Á2 6 2Á8 years (6 s.e.) at the time of stem initiation, but only 7Á5 6 3Á1, 9Á0 6 2Á4 and 15Á0 6 1Á7 years for trees surviving at 80 years of age (Fig. 7) . The results are consistent with hypothesis (3), i.e. the difference in stature between birch sub-populations of unlike canopy height is partly due to the different life expectancy of dominant stems.
Life expectancy by growth rate
Both growth rate and median life expectancy of birch increase in a near-linear fashion between the three birch populations of progressively higher tree stature. The 5-year mean radial growth rate prior to sampling is the most precise measure of growth rate in the present study (derived from measurements on eight radii from each tree) and it is computationally independent of age, as opposed to mean growth rate derived from cumulative growth divided by age. Hence, median life expectancy of stems was plotted against 5-year radial increment to assess whether life expectancy may be related to growth rate.
There is an almost perfect linear fit (adjusted r 2 = 0Á994, P = 0Á035) between median life expectancy at the time of stem initiation and 5-year mean radial growth rate, indicating that trees in birch populations of high growth rate tend to survive to a greater age than trees in populations of lesser growth rate (Fig. 8) .
Growth habit
Overall, there were three stems per genet (median value) and the median number of stems was not significantly different between sub-populations (Kruskal-Wallis H = 5Á04, d.f. = 2, N = 189, P = 0Á0806; median test c 2 = 5Á06, d.f. = 2, P = 0Á0795).
Birch in the scrub sub-populations had a significantly more contorted stem form compared with trees in the scrub-woodland and forest sub-populations (KruskalWallis H = 13Á63, d.f. = 2, N = 172, P = 0Á0011; median test c 2 = 9Á01, d.f. = 2, P = 0Á0111). The median value of straight-line length of the ascending stem section was only 56 % of total stem length in the birch scrub population, compared with 73 and 75 % in the scrub-woodland and forest populations respectively. The results, therefore, are consistent with hypothesis (4) that the stature of birch populations is affected by growth habit. However, as only the birch scrub has a more contorted stem form, stem form has not been conclusively shown to change directionally with populations of increasing stature or growth rate.
A third of the trees in this study (33 %) were noted to have a decumbent stem form and this growth habit was apparently prevalent on sloping ground and sites of heavy snow accumulation. Very few trees had their stems in a vertical posture and many trees leaned 30-50 from vertical. Hence the vertical height of the birch is even lower than indicated Age class 0 -9 1 0 -1 9 2 0 -2 9 3 0 -3 9 4 0 -4 9 5 0 -5 9 6 0 -6 9 7 0 -7 9 8 0 -8 9 9 0 -9 9 1 0 0 -1 0 9 1 1 0 -1 1 9 1 2 0 -1 2 9 Median life expectancy (years) by the straight-line length of ascending stems. Analysis of the frequency of decumbent stem form or stem posture by sub-populations was not warranted due to missing observations for these characteristics.
D I S C U S S I O N
The present study was based on a stratified random sample of individual genets from the total population of natural birch in Iceland. This approach has the advantage of highlighting general growth and population characteristics of birch in relation to tree size and woodland stature, as opposed to features related to spatial scale or the temporal stage of stand development.
The results are consistent with three out of the four hypotheses put forward in the Introduction, i.e. the difference in stature between birch populations is partly due to (1) different mean extension growth rates, (3) different life expectancy of dominant stems, and (4) different tree shapes between birch populations. Hypothesis (2), that the difference in canopy height arises because of differences in agerelated patterns of extension growth rate is, however, rejected. Therefore factors resulting in a tree-size ceiling, such as climatic pruning to a fixed height (e.g. Holmgren, 1912; Hämet-Ahti, 1963; Anderson et al., 1966) , are not important in limiting the stature of mountain birch populations in general, although climatic pruning may be locally important. Nevertheless, shoot die-back may contribute to slower mean extension growth rate and to more contorted stem forms of birch in the scrub sub-population (T. H. Jónsson, unpublished data).
There is, of course, a fifth hypothesis that is not explicitly addressed in the present study and which would explain the smaller size and younger age of birch populations of lesser stature compared with those of greater tree size: this is that the birch population is expanding and the birch scrub represents a recent front of advance. However, this hypothesis was not considered valid as there is sufficient historical evidence (e.g. Magn u usson and Vídalín, 1913-1943; Kofoed-Hansen, 1925) to show that the present birch scrub is not of recent origin and most of the scrublands have remained of similar stature for centuries. In fact, the natural birch woodland area declined considerably during the 18th and 19th Centuries (H Bjarnason, 1971 (H Bjarnason, , 1974 A Bjarnason, 1980; Guðbergsson, 1996) and has not expanded to any appreciable degree from the early 20th Century, except in a few areas protected from sheep grazing.
Human impact
More than 85 % of the natural birch population is open to grazing by sheep (Bragason, 1995) and the birch woods have been grazed for centuries (Bjarnason, 1974) . The grazing pressure has until recently been sufficient throughout the country to prevent birch colonization of treeless sites. However, grazing has not hindered regeneration of the birch woodland remnants, as evidenced by their continuous existence, their regeneration in almost all decades during the 20th century (Fig. 5) , and by the abundance of stem sprouts observed in birch woodlands and scrub throughout the country (Aradóttir et al., 1995 (Aradóttir et al., , 2001 .
Birch woods were an important source of charcoal, firewood and construction poles until the 1870s (Thorarinsson, 1974) . The total annual cut was 800-2000 t from the 1880s to 1940s (Anonymous, 1997) , and has since then been about 200 t annually (Hallanaro and Pylvänäinen, 2001 ) and limited to a few managed woods. This represents a very low level of cutting (Jónsson, 1999) for over a century, and it is unlikely to have markedly affected the age or size distribution at the population level.
Growth habit
Sub-arctic birch trees are highly variable and irregular structures with one-to-several crooked and leaning stems of variable size (Elkington and Jones, 1974; Verwijst, 1988) . Therefore tree height (i.e. the vertical elevation of the treetop above the root collar) may be much lower than stem length (Elkington and Jones, 1974) .
The polycormic, crooked and procumbent growth habit of the mountain birch has been attributed to stress factors such as snow load (Elkington and Jones, 1974; Kullman, 1979 Kullman, , 1989 and to soil conditions (Verwijst, 1988) , as well as to genetic make-up (Sveinbjörnsson et al., 1993) , for example gene flow between Betula pubescens and B. nana, which is reported from Greenland (Sulkinoja, 1990; Fredskild, 1991) , Iceland (Elkington, 1968; Anamthawat-Jónsson et al., 1993; Anamthawat-Jónsson, 1994) and Scandinavia (Vaarama and Valanne, 1973; Kallio et al., 1983; Mäkelä, 1999) .
In the present study, the number of stems per genet or stem form was not conclusively shown to change with woodland stature. Hence, without further evidence, growth habit cannot be assumed to respond to changes in growth rate.
Regeneration
The age distributions for the three birch sub-populations in this study (Figs 5, 6) are strikingly similar to previously published age distributions of mountain birch of similar stature in the sub-alpine (sub-arctic) birch woods (e.g. Kullman, 1979 Kullman, , 1991a Kullman, , b, 1993 and natural stands of mountain coniferous forests (e.g. Hytteborn et al., 1987; Hofgaard, 1993) in Scandinavia. A further similarity is that stems 2 m or more in length originate both in the scrub sub-population in this study (Fig. 6 ) and at the tree line in Scandinavia (Kullman, 1979) before the cold 1960s, and mostly during the relatively warm 1920s-1940s, which may seem to indicate a regeneration pulse at that time.
If regeneration of birch were periodic in response to climatic variation, and the age distribution retains a regeneration signal, we would expect the demographic profile of the three birch sub-populations to be in phase and to reflect major climatic variations during the 20th Century. This signal should be particularly noticeable in the tree-line ecotone, as a number of studies have shown tree-line trees to respond strongly to changes in climate (e.g. Tranquillini, 1979; Kullman, 1993; Wardle, 1993) . The birch scrub and scrub-woodland sub-populations in the present study are analogous to a tree-line ecotone (i.e. 2 m height classes on both sides of a tree line of 2 m).
The period 1920-1950 was relatively warm in Iceland, while the 1960s and 1970s were cold with sea ice at the north coast in some years (Bergthórsson et al., 1987) . Hence a peak in the age distribution coinciding with regeneration in the 1920s-1950s and a nadir during the cold 1960s-1970s would be expected. This is not so; the age distributions are not in phase (Fig. 5) and, contrary to expectations, the highest proportion of dominant stems in the scrub population originate in the unusually cold 1960s (Fig. 6) . The observed age structures could possibly originate from high mortality of older and bigger stems during the cold 1960s-1970s in sub-populations of low stature. However, a mortality event was not noticed at the time, but it would not have passed detection bearing in mind that there was a national inventory of natural birch woods in 1972-1975. The age distributions for the three sub-populations show a progressive shift towards higher age with populations of greater tree stature (Fig. 5) , and the frequency of stems in the scrub population, by 1-m stem length classes (Fig. 6) , apparently reflects cohorts of stems attaining progressively greater size with increasing age.
The mountain birch is a slow-growing tree. The average length of top shoots of mountain birch from different parts of Scandinavia is reported to be in the range 4-11 cm (Kullman, 1979) with shoots up to 20-30 cm in favourable years (Kullman, 2001) . The results of the present study fall within that range (Table 1) .
Based on the mean net increments in stem length (Table 1 ) and median stem shape (56, 73 and 75 %, respectively) it would take an upright tree on average 74, 44 and 37 years to attain 2 m height in the scrub, scrub-woodland and forest populations, respectively. Furthermore, stems in the birch scrub will not take less than 20 years to attain 2-m height based on maximum growth rate and stem form observed in the present study. Considering that the birch is invariably leaning, the time needed to attain 2-m height is actually even longer. Hence most of the trees of 2-m height existing during the last quarter of the 20th Century in scrub or scrubwoodland populations would be expected from growth rate alone to have originated before the middle of that century.
Mountain birch woods regenerate almost exclusively by basal stem sprouts (Verwijst, 1988) and seedlings are rarely found within undisturbed birch woods (e.g. Aradóttir, 1991; Aradóttir et al., 1995 Aradóttir et al., , 2001 . Kullman (1991a) observed that basal sprouts are formed in abundance on genets right to the tree line, and birch genets may be much older than the oldest surviving stem (Kullman, 1993) . The results of the present study show that, in all three sub-populations, new stems, which subsequently attained dominant position within the genet, were initiated in all decades during the 20th Century up to the 1980s (Fig. 5) . The relatively poor representation of the youngest age classes observed in all three populations in the present study indicates the minimum time needed for cohorts of stem sprouts to grow to a dominant position in the genet. The peak in the age distribution reflects the age of highest replacement of declining dominants by subordinate stems. Hence, at the population level, we may have profuse and continuous introduction of new stems. The results of the present study do not support intermittent regeneration of mountain birch in response to periods of variable climate. Verwijst (1988) observed that dominant stems in polycormous mountain birch trees were less vigorous compared with subordinant stems, having a sparse living crown with few long shoots and many dead short shoots. Sparse crowns of dominant stems and openings among trees would allow sufficient penetration of light for stems of lesser size to develop within the genet (Verwijst, 1988) .
Mortality
The largest stem in a polycormic birch should be relatively free from crown competition imposed by smallersize stems on the same root system or neighbouring genets. Furthermore, Verwijst (1988) argued that densitydependent mortality by self-thinning is not important in the dynamics of polycormous mountain birch stands. Hence, the age structure of dominant stems per genet should reflect density-independent mortality, i.e. age-or sizerelated mortality.
Mountain birch stems may survive up to 200 years, as shown by Sonneson and Hogesteger (1983) . However, birch trees over 100 years old are a small proportion of any mountain birch population reported in the literature (e.g. Kullman, 1979 Kullman, , 1991a Kullman, , b, 1993 , as would be expected from the short median life expectancies for trees of 80 years or more in the present study. Verwijst (1988) proposed that the height of birch trees is limited by the increasing cost of tree size in accordance with the pipeline theory. He argued that the cost of tree size will limit height growth to a larger extent in an environment with low growth resources.
The ability of birch stems to resist both biotic and abiotic stress may be increasingly constrained as growth resources decline. This restriction is likely to increase as the stems grow bigger and time of exposure increases (i.e. the probability of experiencing stressful events). Hence, at the population level, both tree size and life expectancy may ultimately depend on growth resources.
Response of woodland stature to changes in growth rate
The alpine, arctic and antarctic distribution limit of tree species may be set by availability of viable seed, germination and survival of seedlings at the site (Weih and Karlsson, 1999; Cuevas, 2000; Karlsson and Weih, 2001 ). However, it should be borne in mind that the tree-line (tree-limit, timberline) refers to tree height (Hustich, 1979) and is not necessarily related to the distribution limit, as evidenced by wide-ranging birch scrublands in Iceland. Kullman (1993) proposed that birch genets near the tree line are old relicts responding to climate variability by temporal fluctuations in vegetative effort, rather than by sexual population change. The results of the present study indicate that this statement may apply to mountain birch woods in general. Continuous rejuvenation of genets by stem sprouts, succession of cohorts of subordinate stems to dominant position, slow extension growth rate and agerelated mortality of stems may adequately explain the characteristic age and size distributions of mountain birch woods.
Growth rate and life expectancy of dominant birch stems were positively correlated in the present study, hence relatively steep age and size structure gradients are expected along both temporal as well as spatial gradients of growth conditions. Birch woods may thus quickly attain greater canopy height in response to improved conditions, but the canopy height will recede with a lag time of several decades in response to deteriorating conditions, due to the life span of the existing canopy stems (cf. Kullman, 1993) . It is, however, uncertain if, and then to what degree, growth habit will respond to changes in growth rate. 
L I T E R A T U R E CI T E D

